Introduction
Hydrogen peroxide is widespread at trace levels in natural waters, and plays an important role in natural oxidation processes. 1, 2 In addition, the peroxide is produced by many enzymatic reactions through the uptake of oxygen. The need for rapid and simple methods capable of determining trace amounts of the peroxide is increasing in environmental, clinical and food analyses. A number of manual and flow-injection (FI) methods have been reported for the determination of hydrogen peroxide by using enzymatic and nonenzymatic reactions combined with photometric, [3] [4] [5] [6] [7] fluorometric, [8] [9] [10] [11] [12] chemiluminescent [13] [14] [15] [16] [17] and electrochemical 18, 19 detections. Especially, FI procedures including immobilized enzyme reactors, which lead to the generation of hydrogen peroxide, have provided attractive methods for specific determinations of clinically interesting substances, such as glucose, cholesterol and glutamic acid. 5, 16, [19] [20] [21] [22] [23] [24] [25] [26] Although these methods could determine micro-or submicromolar levels of hydrogen peroxide or biological substances, they suffer from disadvantages due to the use of unstable and/or expensive reagents and of complicated equipment.
The reaction system of 4-aminoantipyrine (AA) with a coupling agent, such as 5-dichloro-2-hydroxybenzenesulfonic acid (DCPS) 27 and N,N-dimethylaniline (DMA), 21, 28 was used as an oxygen acceptor for the determination of glucose by detecting hydrogen peroxide produced in the presence of peroxidase as a catalyst. A system of AA-DCPS with iron(II) in place of peroxidase was applied to an FI procedure for determining hydrogen peroxide. 7 This FI method allowed peroxide determination in the concentration range 0.1 -4 × 10 -4 M. However, the sensitivity of the method is not sufficient. We have reported on the photometric-catalytic methods for determining vanadium(IV, V) based on its catalytic effect on the color-forming reaction of AA with DMA. [29] [30] [31] Iron(III) also catalyzes this coloration in the presence of hydrogen peroxide; this iron(III)-catalyzed reaction has been utilized for the determination of total iron, 32 but not for hydrogen peroxide. The present paper describes a photometric FI method for the determination of hydrogen peroxide based on the iron(III)-catalyzed oxidative coupling of AA with DMA without peroxidase. Under the opitimum conditions obtained in the proposed FI system, as low as 10 -6 M hydrogen peroxide could be determined at a sampling frequency of 15 h -1 . The selectivity of the method is satisfactory with few interfering ions and compounds. After introducing each enzyme reactor consisting of glucose oxidase and uricase to the FI system, glucose and uric acid were easily determined by detecting hydrogen produced peroxide. The method was successfully applied to the determination of these substrates in standard sera.
Experimental

Reagents
All chemicals used were of analytical reagent grade. Deionized water with purified with a Millipore Milli-Q system was used throughout. Working solutions of hydrogen peroxide were prepared by the stepwise dilution of a stock solution, which was standardized by permanganate titration with a 0.2 M acetate buffer (pH 4.6).
4-Aminoantipyrine (AA) purchased from Nakarai Kagaku A kinetic flow-injection (FI) method is described for the determination of hydrogen peroxide. This method is based on an iron(III)-catalyzed oxidative coupling of 4-aminoantipyrine with N,N-dimethylaniline by hydrogen peroxide. By measuring the change in the absorbance of the dye formed at 560 nm, 1 × 10 -6 -6 × 10 -4 M hydrogen peroxide could be determined with a sampling rate of 15 h -1 . The relative standard deviation (n = 30) was 0.8% for 5 × 10 -5 M hydrogen peroxide. There was little interference of the co-existing ions and compounds. After introducing some immobilized enzyme reactors to the FI system, the proposed method allowed the determination of glucose and uric acid ranging from 1 × 10 -6 to 6 × 10 -4 M with relative standard deviations of below 2%. The applicability of the method was demonstrated by determining these substances in serum samples. Co., Japan, was used without purification. A 4.0 × 10 -3 M AA solution was prepared by dissolving 0.203 g of the compound in 250 ml of acetate buffer. N,N-Dimethylaniline (DMA) was obtained from Wako Junyaku Co., Japan, and a 5.0 × 10 -3 M DMA solution was prepared by dissolving 0.152 g of the compound in 250 ml of an acetate buffer solution. An iron(III) solution (1.3 × 10 -4 M) was prepared by diluting a standard solution of iron(III) (1.0 mg ml -1 ) obtained from Kanto Kagaku Co., Japan.
For the standard glucose solution (1 × 10 -3 M), anhydrous β-D-glucose (Wako Junyaku Co., Japan) was dissolved in water and stood for at least 24 h before use to ensure the attainment of mutarotation equilibrium. This solution was stable for one week at room temperature. A standard solution of uric acid (1 × 10 -3 M) was prepared by dissolving the compound (Sigma, USA) in water. These working solutions were prepared daily by accurate dilution. Buffer solutions (0.1 M) of 2-(Nmorpholino)ethanesulfonic acid (MES) and N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid (TAPS) were also prepared.
Glucose oxidase (GOD, 101 U mg -1 ) and uricase (URC, 5.7 U mg -1 ) were purchased from Toyobo Co., Japan. Controlled-pore glass (CPG) was obtained from Electro-Nucleonics Co., USA in 120 -200 mesh with pore diameters of 75, 170, 350, 700, 1400 and 3000 Å.
Standard sera for the determination of glucose and uric acid (Iatron Laboratories Inc., Japan, American Dade Co., USA and Technicon Instruments Co., USA) were used to evaluate the proposed method.
Preparation of enzyme reactors
The immobilization of enzymes on CPG was carried out according to the literature. [24] [25] [26] After being cleaned with 5% nitric acid and water, and dried at 95˚C, the CPG was then silanized with 5 g of 10% (3-aminopropyl)triethylsilane in 45 ml of acetate buffer solution (pH 3.75) at 75˚C for 2.5 h. The silanized CPG was rinsed with water and dried at 95˚C to allow storage. A portion (5 g) of 2.5% glutaraldehyde was added to 1 g of the silanized CPG. The reaction proceeded for 30 min under reduced pressure and for 1 h at room temperature. After the CPG had been rinsed with water, the immobilization of GOD (100 mg in 3 ml of 0.1 M phosphate buffer at pH 7.0), and URC (50 mg in 3 ml of 0.1 M borate buffer at pH 9) was carried out at 4˚C for 2.5 h. The enzyme-bound CPGs were packed into a Teflon tube (i.d. 1 mm, 10 mm long) with the ends treated internally to fit the connectors; they were stored at 4˚C when not in use. These enzyme reactors can be used for at least one month, although the activities of immobilized enzymes decreased to about 70 -80% compared to the initial ones.
Apparatus
A schematic diagram of the FI system used is shown in Fig. 1 . The system was constructed from the following components: two double-plunger micropumps (Sanuki Kogyo DM2M-1026), a six-way injection valve (Sanuki Kogyo SVM-6M2) with a loop, two thermostated baths (Taiyo Kagaku Kogyo, Thermo Minder DX-100), a spectrophotometer (Soma Kogaku S-3250) equipped with a flow cell (8 µl volume, 10 mm path length) and a Chino EB22005 recorder. Flow lines were made of PTFE tubings (0.5 mm i.d.) and connectors. A Corning Model 12 pH/mV meter was also used for pH measurements of the waste solutions.
Procedure
An FI system as shown in Fig. 1 , without a reactor column, was used for the determination of hydrogen peroxide. Carrier (R1, acetate buffer), AA (R2), DMA (R3) and iron(III) (R4) solutions were propelled into the flow lines at a flow rate of 0.37 ml min -1 , respectively. A 283-µl volume of sample solution containing below 1 × 10 -4 M hydrogen peroxide was introduced into the carrier flow line by an injection valve, and was then mixed with a solution including AA, DMA and iron(III). The color-forming reaction proceeded in a reaction coil (2.5 m) immersed in a thermostated bath at 50˚C. The colored solution was passed through the cooling coil (2 m) at 20˚C, which allowed stabilization of the baseline, and the flowthrough cell. The change in the absorbance was measured at 560 nm and recorded on a recorder.
For the determination of glucose and uric acid, each enzyme reactor immersed in a thermostated bath at 37˚C was placed behind the injector valve in the flow system, as shown in Fig. 1 . The pH of buffer solutions used as carriers for glucose and uric acid was 5.4 (MES) and 7.5 (TAPS), respectively. Appropriate amounts of 0.2 M acetic acid were added to the iron(III) solution (R4) in order to adjust the pH of the stream in the reaction coil to 4.6. A sample solution containing glucose and uric acid was injected into the carrier solution and passed through the reactor column to generate hydrogen peroxide. The generated hydrogen peroxide was reacted with the reagents in the reaction coil and the absorbance change was measured as described above.
Results and Discussion
In the presence of hydrogen peroxide and iron(III) as a catalyst, AA reacts with DMA to form an intensively colored indamine dye, N-(2,3-dimethyl-1-phenyl-5-pyrazolone)-N′,N′-dimethylamino-p-benzoquinone diiminonium, as described previously. [29] [30] [31] [32] The absorption maximum of the reaction product was found at around 560 nm.
The change in the absorbance was continuously monitored at this wavelength in the FI system.
Optimum conditions for the determination of hydrogen peroxide
The flow-injection variables, such as sample size, flow rate, reaction coil length, reaction temperature and reagent concentrations, were optimized for the determination of hydrogen peroxide by using a flow system, as shown in Fig. 1 gave a lower dispersion and a slower sampling frequency. A 283 µl of sample size (D = 2.3) was chosen, taking into account the sensitivity and sampling frequency. The peak height for hydrogen peroxide obviously depended on the flow rate and reaction coil length; a lower flow rate and a longer reaction coils gave higher peaks. To obtain higher sensitivity and sampling frequency, a flow rate of 0.37 ml min -1 in each stream and a 2.5-m reaction coil were selected for the proposed procedure. Figure 2 shows the effect of the pH on the color development with injection of a 1.0 × 10 -3 M hydrogen peroxide solution. The peak height increased with increasing pH. However, the peak height decreased above pH 4.8, probably because of the hydrolysis of iron(III). The reaction was thus carried out at pH 4.6. The peak height also increased with increasing reaction temperature. At above 60˚C, the peak height was constant, but the reproducibility became poorer. The reaction coil was thus immersed in a thermostated bath at 50˚C.
The effect of the AA and DMA concentrations on the color development was examined at a constant concentration of iron(III) by injecting a hydrogen peroxide solution. The peak heights increased with increasing AA and DMA concentrations, and were then almost constant at the AA concentrations above 3.0 × 10 -3 M and at the DMA concentrations above 4.0 × 10 -3 M, respectively. Concentrations of 4.0 × 10 -3 M AA and 5.0 × 10 -3 M DMA were selected for the procedure. Figure 3 shows the effect of the iron(III) concentration on the peak heights by injecting 5.0 × 10 -4 M and 1.0 × 10 -3 M hydrogen peroxide solutions. An increase in the iron(III) concentration gave higher peaks; then, constant peak heights were obtained at the iron(III) concentrations above 1.1 × 10 -4 M. A 1.3 × 10 -4 M iron(III) concentration was chosen for the procedure.
Calibration graphs for hydrogen peroxide
Under the conditions optimized for the determination of hydrogen peroxide, linear calibration graphs were obtained in the concentration range 1.0 × 10 -6 -6.0 × 10 -4 M. The detection limit for a signal-to-noise ratio of 2 was 5 × 10 -7 M. The reproducibility in the peak heights was tested by measuring thirty determinations of a 5.0 × 10 -5 M of hydrogen peroxide solution. The relative standard deviation was 0.8% with a sampling rate of 15 h -1 .
Effect of foreign substances
The effect of foreign ions and compounds on the determination of 1.0 × 10 -5 M hydrogen peroxide was examined over the concentration range 1.0 × 10 -5 -1.0 × 10 -3 M. The results are summarized in Table 1 . Copper(II), Mo(VI), Ti(IV) and W(VI) at a concentration of 1.0 × 10 -5 M gave negative errors, probably because of the reaction of these ions with hydrogen peroxide. Phosphate and citrate gave rise to negative errors due to the formation of iron(III)-complexes. Albumin at a concentration of 0.5 g ml -1 gave a negative error, but 0.2 g ml -1 of albumin did not interfere. Therefore, hydrogen peroxide can be determined by the dilution of sample solutions to avoid interference from these substances.
Applications to the determination of glucose and uric acid
In order to apply the present method to the determinations of glucose and uric acid in standard sera by using reactor columns consisting of enzyme-bound CPGs, the enzymatic reaction variables, such as pore diameter of CPG, reactor temperature and pH of the carrier solution, were optimized.
After glucose oxidase (GOD) and uricase (URC) were immobilized on CPGs having different pore diameters over the range 75 -3000 Å, the effect of the pore diameter of CPG on the peak heights was examined by injecting glucose (5 × 10 -5 M) and uric acid (1 × 10 -5 M), because the pore diameter seemed to affect the degree of immobilization of each oxidase and the rate of reaction with substrates. The maximum peak heights for GOD and URC were obtained at pore diameters of 170 and 1400 Å, respectively. Thus, CPGs having these pore diameters were used as the enzyme supporters.
The effect of the reactor temperature on the efficiency of these immobilized oxidase was evaluated in the range 25 -70˚C. The peak heights remained constant at temperatures ranging 25 -40˚C for GOD and URC. The thermal stability of these reactors was also examined; they were stable in the range 25 -40˚C. At temperatures above 45˚C, the peak heights gradually decreased. Therefore, the enzyme reactors were maintained at 37˚C. The effect of the carrier pH on the activity of these enzymes was investigated in the range 5 -9.8 by using MES and TAPS as buffer agents instead of acetate. The GOD activity was not affected by the pH in the range 5.0 -9.8. The maximum activitiy of URC was observed at pH 7.5. For the determination of glucose and uric acid, buffer solutions at pH 5.4 (MES) and 7.5 (TAPS) were used as carriers. Then, the pH of the stream in the reaction coil was adjusted to 4.6 by adding appropriate amounts of acetic acid to the iron(III) solution (R4), because the iron(III)-catalyzed reaction proceeded at this pH, as described above. Calibration graphs for glucose and uric acid were prepared under the optimum conditions; linear curves for each substrate were obtained in the range 1 × 10 -6 -6 × 10 -4 M. From the calibration graphs for hydrogen peroxide and the substrates, the conversions of glucose and uric acid to hydrogen peroxide by each oxidase reactor were 83% and 92%, respectively. The reproducibility of the method was satisfactory with relative standard deviations of 1.3% and 1.2%, respectively, for twenty determinations of each 1.0 × 10 -5 M glucose and uric acid. By using the FI system, as shown in Fig. 1 , the determination of glucose and uric acid was performed by injecting standard serum samples which were diluted by a factor of 100 without deproteinization. The analytical results are shown in Table 2 . The results for glucose and uric acid obtained by the present method coincided fairly well with those obtained by a standard method and certified values.
In conclusion, the reaction system of AA-DMA in the presence of iron(III) in place of peroxidase as a catalyst provides an inexpensive and sensitive FI method for the determination of hydrogen peroxide. The proposed method also permits the determination of biological substances, such as glucose and uric acid by using on-line enzyme reactors giving rise to hydrogen peroxide. ANALYTICAL SCIENCES FEBRUARY 2001, VOL. 17 
